Aircraft measurements of water-soluble organic carbon (WSOC) aerosol over NE North America during summer 2004 (ITCT-2K4) are simulated with a global chemical transport model (GEOS-Chem) to test our understanding of the sources of organic carbon (OC) aerosol in the free troposphere (FT). Elevated concentrations were observed in plumes from boreal fires in Alaska and Canada. WSOC aerosol concentration outside of these plumes average 0.9±0.9 µg C m -3 in the FT (2-6 km). The corresponding model value is 0.7±0.6 µg C m -3 , including 42% from biomass burning, 36% from biogenic secondary organic aerosol (SOA), and 22% from anthropogenic emissions. Previous OC aerosol observations over the NW Pacific in spring 2001 (ACE-Asia) averaged 3.3±2.8 µgCm -3 in the FT, compared to a model value of 0.3±0.3 µg C m -3 . WSOC aerosol concentrations in the boundary layer (BL) during ITCT-2K4 are consistent with OC aerosol observed at the IMPROVE surface network. The model is low in the boundary layer by 30%, which we attribute to secondary formation at a rate comparable to primary anthropogenic emission. Observed WSOC aerosol concentrations decrease by a factor of 2 from the BL to the FT, as compared to a factor of 10 decrease for sulfate, indicating that most of the WSOC aerosol in the FT originates in situ. Despite reproducing mean observed WSOC concentrations in the FT to within 25%, the model cannot account for the variance in the observations (R=0.21). Covariance analysis of FT WSOC aerosol with other measured chemical variables suggests an aqueous-phase mechanism for SOA generation involving biogenic precursors.
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INTRODUCTION
Organic carbon (OC) aerosols constitute a large fraction of the total aerosol mass in the troposphere, yet the processes which dictate their formation remain highly uncertain. Sources include primary emission from biomass burning and fuel use, as well as secondary production from the oxidation of volatile organic compounds (VOCs) [IPCC, 2001] . Recent field observations indicate that the secondary production of OC aerosols is considerably underestimated in current models, both in surface air Johnson et al., 2006; Volkamer et al., 2006] and in the free troposphere [Heald et al., 2005] . We use here observations of OC aerosol from the NOAA Included in this suite of instrumentation was the first aircraft deployment of a ParticleInto-Liquid Sampler (PILS) instrument for measuring water-soluble organic carbon (WSOC) aerosol [Sullivan et al., 2006] . This represents the most extensive data set so far of OC aerosol concentrations in the free troposphere, and enables correlative analyses with other species measured aboard the aircraft. WSOC aerosol is thought to include the secondary organic aerosol (SOA) as well as aged primary components of OC aerosol [Saxena and Hildemann, 1996; Decesari et al., 2001] , and thus to account for most of OC aerosol mass in air remote from primary sources [Jaffrezo et al., 2005 and references therein].
The summer of 2004 was a particularly strong fire year in the boreal regions of Alaska and NW Canada. The National Interagency Coordination Center (NICC) estimates that 2.6 million ha burned in Alaska in 2004, 8 times the 10-year average for the region. Biomass burning emissions were a substantial perturbation to the atmosphere during ITCT-2K4, with plumes transported across North America and the Atlantic Ocean [Lewis et al., 2006; Morris et al, 2006; Turquety et al., 2006] . De Gouw et al. [2006] identified fire plumes with elevated acetonitrile, CO and particle volume in 8 of the 18 ITCT-2K4 flights over eastern North America. Sullivan et al. [2006] show that these plumes contained elevated WSOC aerosol.
The GEOS-Chem global chemical transport model (CTM) used here to interpret the ITCT-2K4 WSOC aerosol data has been applied previously to a number of aerosol studies over North America and Asia [Park et al., 2003; , 2006a Heald et al., 2005; Fairlie et al., 2006; van Donkelaar et al., 2006a van Donkelaar et al., , 2006b ]. Park et al. [2003 Park et al. [ , 2006a used OC aerosol concentrations measured in surface air in the United States (IMPROVE network) as top-down constraints on sources, and found that current source inventories could be adjusted to within their accepted uncertainties in order to match the top-down constraints. However, Heald et al., [2005] found that the standard GEOSChem simulation underestimates OC aerosol concentrations measured from aircraft in Asian outflow (ACE-Asia campaign) by 1-2 orders of magnitude in the free troposphere.
These measurements showed consistently high concentrations (1-4 µg C m -3 ) that could have significant implications for aerosol radiative forcing of climate and intercontinental aerosol transport. The ITCT-2K4 campaign provided the opportunity to further test our understanding of the factors controlling OC aerosol in the free troposphere, in a far more extensive data set and including the link to the continental boundary layer (not accessible during ACE-Asia).
MODEL DESCRIPTION
The A challenge in the simulation of the ICARTT period is to adequately describe the boreal fire influence. We use here a daily inventory of biomass burned with 1°x1° spatial resolution constructed by Turquety et al. [2006] on the basis of fire reports and MODIS satellite hot spot detections (Figure 2 ). The OC aerosol emission factor is taken to be 9.7 g per kg dry matter as in Park et al. [2006b] , which is the mean value for boreal fires given by Andreae and Merlet [2001] with an associated OC/CO emission ratio of 0.10 g [ 2005] indicates a large range of smoke aerosol emission ratios from boreal fires, 7-60 g per kg dry matter; OC accounts for the bulk of the smoke aerosol.
Pyro-convective events can inject biomass burning emissions from boreal wildfires directly into the free troposphere [Fromm et al. 2000 [Fromm et al. , 2005 Fromm and Servranckx, 2003] . Damoah et al., [2006] found that CO was lofted into the lower stratosphere during a particularly vigorous pyro-convective event associated with the 2004 Alaskan boreal fires in late June. Precipitation can be suppressed in pyroconvective systems due to the abundance of cloud condensation nuclei [Andreae et al., 2001 ], thereby delivering OC aerosol directly into the free troposphere without experiencing wet removal. The injection height of aerosols is critical in determining their long-range transport. The GEOS-Chem simulation used here injects 40% of boreal fire emissions in the boundary layer and 60% directly in the free troposphere (3-5 km)
without scavenging. This is consistent with de Gouw et al. [2006] who found that it was necessary to inject the boreal fire emissions throughout the troposphere (0-10km) to simulate the transport of acetonitrile during ITCT-2K4, and Turquety et al. [2006] who found that the long-range transport of CO as seen from the MOPITT satellite instrument and the ICARTT aircraft observations could only be reproduced with free tropospheric injection of emissions.
Anthropogenic emission from fuel combustion is a major source of OC aerosol in the United States [Park et al., 2003] . The most recent emission inventory for fossil fuel sources is from Bond et al. [2004] , but comparison with wintertime OC aerosol concentrations in the United States suggests that it is a factor of two too low . We use instead the Cooke et al. [1999] inventory for fossil fuels with the seasonal cycle and 16% upward scaling of Park et al. [2003] , who optimized OC aerosol emissions to match IMPROVE surface site observations in 1998. Biofuel emissions of OC aerosol (mostly fromagroindustrial activities) are also taken from Park et al. [2003] , who found that they dominate over fossil fuel. The model includes secondary organic aerosol (SOA) formation from the oxidation of biogenic isoprene, terpenes, and other reactive volatile organic compounds (ORVOCs) following the approach of Chung and Seinfeld [2002] extended to isoprene by Henze and Seinfeld [2006] . This scheme allows semi-volatile secondary organic gases (SOG) produced from VOC oxidation to partition reversibly into the aerosol phase as a function of temperature and pre-existing OC aerosol volume. Biogenic VOC precursor emissions are from the GEIA inventory [Guenther et al., 1995] and are shown in Figure 2 . The total source of terpenes and ORVOCs for North America in July-August is 8.1 Tg C, and a typical 10% SOA yield (note though that production is reversible)
implies a SOA source of 0.81 Tg C. The total isoprene source for North America in JulyAugust of 14.2 Tg C in the GEIA inventory, and a typical 3% SOA yield [Kroll et al., 2005 ] implies a SOA source of 0.42 Tg C, half of the terpene source.
We do not include SOA production from aromatic anthropogenic VOCs, since the standard parameterizatiofor this source based on SOG/SOA reverisible partitioning [Odum et al., 1997] yields negligible concentrations outside urban areas [Chung and Seinfeld, 2002; Tsigaridis and Kanakidou, 2003 ]. We verified this for the ITCT-2K4 conditions using aromatic VOC emission inventories for the northeastern United States and available SOA yield data. This conclusion could change if new laboratory yield data were to show a significant increase in aromatic SOA production. Recent field observations Zhang et al., 2005; Volkamer et al., 2006 ] suggest a larger anthropogenic contribution to SOA than from the above mechanism but the underlying processes are not understood.
Loss of OC aerosol in the model is by wet and dry deposition, and in the case of SOA also by reversible volatilization. Dry deposition follows a standard resistance-inseries scheme as described by Wang et al. [1998] and Park et al. [2004] . Wet deposition is a more important sink and is applied to the hydrophilic component of the OC aerosol following the scheme of Liu et al. [2001] which includes in-cloud rainout and belowcloud washout from convective anvils and large-scale precipitation, and scavenging in convective updrafts. Primary emissions of OC aerosol are assumed to be 50%
hydrophobic and 50% hydrophilic with a 1.2 day e-folding conversion from hydrophobic to hydrophilic [Cooke et al., 1999; Park et al., 2005] . There was a high degree of internal mixing in the aerosol particles sampled during ITCT-2K4 [Murphy et al., 2006] , implying that the OC aerosol is predominantly hydrophilic. We assume that 80% of the SOA is hydrophilic following Chung and Seinfeld [2002] . This fraction represents the scavenging efficiency of dicarboxylic acids as determined by Limbeck and Puxbaum value within the range given by Sander [1999] of 10 3 M atm -1 for carboxylic acids and 10 6 -10 8 M atm -1 for dicarboxylic acids. We use that value in our standard simulation. Henze and Seinfeld [2006] found that simulated SOA concentrations increased by up to 60% in the free troposphere when the solubility of SOG is decreased to 10 4 M atm -1 .
OBSERVATIONS OF ORGANIC CARBON AEROSOL IN SUMMER 2004
Figure 3 shows the geographical distribution of gridded (2°x2.5°) OC aerosol observations at the IMPROVE surface sites and aboard the ITCT-2K4 aircraft during
July-August 2004. Here and elsewhere, all concentrations are expressed as µg C m -3 at standard conditions of temperature and pressure (STP); 1 µg C m -3 = 2.02 ppb. WSOC aerosol (< 1 µm in diameter) was measured aboard the aircraft with a detection limit of 0.1 µg C m -3 [Sullivan et al., 2006] . A carbon parallel plate denuder was used to eliminate artifacts from gas phase organics [Sullivan et al., 2006] . The IMPROVE network of surface sites, which monitors visibility in wilderness areas in the United
States [Malm et al., 1994] The highest WSOC aerosol concentrations in the ITCT-2K4 data are in biomass burning plumes from the boreal fires in Alaska and NW Canada [Sullivan et al., 2006] .
To filter these plumes from the data set we use observations of acetonitrile (CH 3 CN) >225 ppt as a tracer of biomass burning [Holzinger et al., 1999] . Acetonitrile is emitted by biomass burning but not significantly by fossil fuel combustion [Singh et al., 2003 ]. Removing the fire plumes reduces the mean observed WSOC aerosol concentrations in the free troposphere by almost a factor of two. By contrast, the contribution of fire plumes to observed WSOC aerosol in the boundary layer is small.
The filtered concentrations of WSOC aerosol observed during ITCT-2K4 in the free troposphere over North America (mean of 0.9±0.9 µg C m -3 ) are significantly smaller than the OC aerosol concentrations observed in the free troposphere over the NW Pacific during the ACE-Asia aircraft campaign based in southern Japan (mean of 3.3±2.8 µg C m -3 ) [Heald et al., 2005] . The weak vertical gradient between the boundary layer and free troposphere observed in ACE-Asia suggested a SOA source in the free troposphere. In contrast, the filtered WSOC aerosol in ITCT-2K4 decreases from the surface to the free troposphere by over a factor of two ( Figure 5 ). This likely reflects the sampling of the continental boundary layer by the ITCT-2K4 aircraft versus the marine boundary layer in ACE-Asia. However, as discussed below, it does not appear that aerosol transport from the continental boundary layer could have been a major source of the free tropospheric WSOC aerosol observed in ITCT-2K4.
SOURCE ATTRIBUTION
We use here the GEOS-Chem simulation as described in Section 2 to interpret the WSOC aerosol concentrations observed during ITCT-2K4 in terms of contributing sources. We compare the measurements of WSOC aerosol with the sum of the simulated hydrophilic primary OC aerosol and 80% of the simulated SOA (consistent with our scavenging assumptions as described in Section 2). Not all of they hydrophilic primary OC may in fact be water-soluble, in which case the model WSOC would be an upper limit. We determined the source contributions to the simulated WSOC as follows. The difference between our base case and a simulation with no biomass burning emissions defines the biomass burning contribution. The anthropogenic OC aerosol is determined as the remaining fraction of primary OC. The SOA concentrations are determined from the base case simulation including primary biomass burning and anthropogenic OC aerosol to serve as condensation sites. Figure 4b shows the probability distributions of simulated free tropospheric WSOC concentrations along the ITCT-2K4 aircraft tracks, for the complete data set and the filtered data set with biomass burning plume observation periods excluded. The biomass burning filter based on observed acetonitrile (Section 3) identifies just two model plumes. Outside of these plumes, the simulated WSOC aerosol concentrations are log-normally distributed, similar to observations. The paucity of model plumes is to be expected in view of the averaging of source and transport processes intrinsic in a global
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Eulerian model such as GEOS-Chem.
We can use the observed and model plumes to evaluate the fire OC/CO emission ratio of 0.23 mol C mol -1 used in the model. Figure 6 shows the WSOC-CO relationship observed in free tropospheric biomass burning plumes (diagnosed by CH 3 CN > 225 ppt)
and in the corresponding model plumes. The GEOS-Chem simulation of CO is described by Turquety et al. [2006] . The observed enhancement ratio from linear regression (reduced-major axis method) is dWSOC/dCO = 0.14 mol C mol -1 (Figure 6 ). This is 40% lower than the emission ratio used in the model (dotted line in Figure 6 ). However, the dWSOC/dCO enhancement ratio in the two model plumes is consistent with observations ( Figure 6 ), suggesting that the observed enhancement ratio is in fact consistent with the model emission ratio. Decrease in dWSOC/dCO from the point of fire emission to the point of sampling could reflect dilution with a non-zero background CO [McKeen et al., 1996] or aerosol scavenging, or both. Dilution with anthropogenic air masses over northeastern North America, for which the emission ratio is 0.043 mol C mol -1 , would also contribute to this decrease in dWSOC/dCO.
The spread in the observed WSOC/CO relationship in fire plumes (Figure 6 ) may reflect variable emission ratios under different burn conditions [Reid et al., 2005] or different histories of aerosol scavenging. De Gouw et al. [2006] found an association between low aerosol enhancement and low dew point (indicative of precipitation history)
for one of the ITCT-2K4 fire plumes. However, we do not find that the general spread in the WSOC-CO relationship in Figure 6 is correlated with dew point. However, we also find in the model that biogenic SOA and CO are correlated (R = 0.57),
Boundary Layer
and an increase in simulated biogenic SOA by a factor of four would similarly correct the underestimate of the dWSOC/dCO slope (R = 0.69). The observed WSOC-CO relationship thus does not point unambiguously to an anthropogenic source. [Lim et al., 2005 ] could lead to a higher source of SOA from isoprene than simulated here.
Free Troposphere
As discussed in Section 2, the solubility of SOG is highly uncertain. We conducted a simulation with an assumed solubility of 10 3 M atm -1 and found that mean simulated free tropospheric SOA concentrations in Figure 8 increased by 45% over the standard case (10 5 M atm -1 ). The corresponding increase in total WSOC aerosol concentrations was less than 0.1 µg C m -3 . sources in the free troposphere. We conduct the analysis for the 1-minute average filtered data set at 2-6 km excluding biomass burning plumes (Section 3) and for 89 variables including a suite of VOCs [Schauffler et al., 1999; de Gouw et al., 2006] , ozone and nitrogen oxides [Ryerson et al., 1998; 1999; , CO and SO 2 [Holloway et al., 2000] , sulfate and ammonium aerosol [Weber et al., 2001] , PAN, nitric acid, and ammonia [Slusher et al., 2004; Neuman et al., 2003; Nowak et al., 2006] . Although the free troposphere represents a wide range of sampling conditions, we find that within the 2-6 km domain there is no significant correlation between observed WSOC aerosol and temperature, relative humidity, pressure, or latitude. Therefore we consider the ensemble of 2-6 km observations as a single population for the purpose of correlation analysis. with the exception of limonene (R = 0.19). We also find no significant correlation with CH 3 CN, indicating that biomass burning is not a major source of WSOC aerosol variability outside of plumes.
CORRELATIONS WITH CHEMICAL VARIABLES
We used multivariate analysis to further resolve the WSOC aerosol variability.
These indicate methanol to be the most successful predictor in combination with sulfate (R = 0.54), nitric acid (R = 0.53) or toluene (R = 0.53). Methanol can be regarded as a long-lived tracer of terrestrial biogenic emissions . The sulfate and methanol predictors would be consistent with an aqueous-phase mechanism for SOA formation from the oxidation of biogenic VOCs, as suggested by Lim et al. [2005] and Carlton et al. [2006] . This process could take place in fair-weather cumuli venting to the free troposphere [Parrish et al., 2004] , which was also identified in ICARTT as a major source of nitric acid to the free troposphere . Partitioning of SOA on inorganic aerosols may also contribute to the correlation of WSOC with sulfate and nitric acid. Correlation with toluene suggests an anthropogenic contribution to the free tropospheric SOA.
CONCLUSIONS
We [Heald et al., 2005] . The ACE-Asia observations, averaging 3.3±2.8 µg C m -3 at 2-6 km, were the first measurements of OC aerosol mass concentrations above the boundary layer. The ITCT-2K4 observations provide the second such data set. They are far more extensive than the ACE-Asia observations, benefit from much better ancillary chemical information, and also include continental boundary layer information. WSOC can be expected to account for the bulk of OC aerosol in the free troposphere, considering the high degree of internal mixing of organic and inorganic aerosol components reported by Murphy et al. [2006] .
The mean observed WSOC aerosol concentration in the free troposphere during ITCT-2K4 was 1.7 µg C m -3 , a factor of 2 lower than in ACE-Asia. Extremely high concentrations (up to 26 µg C m -3 ) were observed in plumes from large boreal fires in Alaska and northwestern Canada that raged for much of the summer of 2004 . We filtered these biomass burning plumes (9% of the free tropospheric data set) using correlation with observed acetonitrile The filtered data set yields a mean free tropospheric WSOC concentration of 0.9±0.9 µg C m -3 with a lognormal distribution. WSOC is not correlated with acetonitrile in this filtered data set, suggesting that biomass burning was not a dominant source outside of plumes.
Our GEOS-Chem simulation of the ITCT-2K4 data includes a daily-resolved inventory of emissions from the summer 2004 boreal fires, evaluated with MOPITT CO observations . The OC/CO emission ratio in that fire inventory is 0.23 molC mol -1 [Andreae and Merlet, 2001] . The observed WSOC/CO enhancement ratio in the ITCT-2K4 fire plumes is 40% lower, but this is reproduced in the corresponding model plumes and appears to reflect dilution of fire plumes and scavenging of OC aerosol. This scavenging is highly sensitive to the injection altitude of the fire emissions. Our standard GEOS-Chem simulation injects 60% of fire emissions in the free troposphere at 3-5 km altitude, based on evidence of extensive pyro-convection as well as the information offered by the MOPITT data and the fire plume trajectories [DeGouw et al., 2006] .
Comparison of simulated vs. observed mean vertical profiles of WSOC aerosol concentrations, for the filtered data set excluding biomass burning plumes, indicates a 30% model underestimate in the continental boundary layer and a 25% underestimate in the free troposphere. Observed WSOC aerosol concentrations in the boundary layer are consistent with surface air observations of OC aerosol concentrations at the IMPROVE network of long-term monitoring sites. They are on average a factor of two higher than in the free troposphere, and include an important anthropogenic source apparent in the correlation with CO [Sullivan et al., 2006] . The model attributes WSOC in the boundary layer on average as 49% primary anthropogenic, 27% biomass burning, and 24%
biogenic SOA. The model reproduces the observed correlation of WSOC aerosol with CO but the corresponding slope is a factor of two too low. This suggests a secondary SOA source, which may be either biogenic or anthropogenic in origin, missing from the model and of magnitude comparable to primary anthropogenic emission.
We find that the boundary layer OC aerosol budget is disconnected from that in the free troposphere. Simulated and observed vertical profiles of SO x show a factor of 10 decrease from the boundary layer to the free troposphere, indicating efficient scavenging (well reproduced by the model). Combined with evidence that boundary layer OC aerosol is mainly water-soluble, we find in the model that the anthropogenic source is minor above 3 km and that biomass burning (42%) and biogenic SOA (36%) are then the principal sources of WSOC aerosol. Biogenic SOA in the model contributes 0.2-0.5 µg C m -3 in the free troposphere, of which 15-30% is from oxidation of isoprene through gasaerosol partitioning of semi-volatile oxidation products [Henze and Seinfeld, 2006] .
The ability of the model to match within 25% the mean free tropospheric OC aerosol concentrations observed in the ITCT-2K4 data is in sharp contrast with the factor of 10-100 underestimate of the ACE-Asia observations [Heald et al., 2005] . The ITCT-2K4 data averaged 0.9±0.9 µg C m -3 for the filtered free tropospheric data set excluding biomass burning plumes, which is four times less than the average for ACE-Asia (3.3±2. Our previous analysis of the elevated free tropospheric OC aerosol concentrations in the ACE-Asia data [Heald et al., 2005] pointed to potentially large implications for radiative forcing and intercontinental transport of aerosol pollution. The high WSOC aerosol concentrations observed in ITCT-2K4 (though a factor of four lower than ACEAsia) confirm the importance of free tropospheric OC aerosol for radiative forcing (-0.26 Wm -2 , for the mean 2-6 km aerosol column observed in ITCT-2K4, calculated with the same assumptions as Heald et al. [2005] ). The decoupling of the boundary layer and the free troposphere seen in ITCT-2K4 for the WSOC aerosol, together with the apparent dominance of natural sources in the free troposphere, implies that intercontinental transport of OC aerosol pollution affecting U.S. aerosol air quality would be minimal in summer. The issue deserves further examination in spring, when the ACE-Asia measurements were made and when transpacific transport of Asian pollution is strongest. [Cooke et al., 1999; Turquety et al., 2006] and biogenic SOA precursor emissions [Guenther et al., 1995] . Figure 4: Cumulative probability distributions of water soluble organic carbon (WSOC) aerosol concentrations in the free troposphere (2-6 km) along the ITCT-2K4 aircraft tracks: a) 1-minute average observations with detection limit of 0.1 µg C m -3 [Sullivan et al., 2006] , and b) the corresponding gridded (2°x2.5°) concentrations simulated by the GEOS-Chem model. The complete distributions are shown as circles and the subsets filtered to remove biomass burning plumes (as diagnosed by CH 3 CN > 225 ppt) are shown as triangles. The observed distribution is colored by the observed concentration of CH 3 CN. The color scale is saturated at 500 ppt. The GEOS-Chem model simulation is sampled at the time and location of the aircraft flights and the WSOC aerosol concentrations are reported at standard temperature and pressure (STP) conditions. The abscissa is a normal probability scale and the ordinate is a log scale, such that a lognormal distribution would plot as a straight line. [Hirsch and Gilroy, 1984] ). The correlation coefficient is R = 0.72 and the slope is m = 0.069 µgC m -3 STP (ppb CO) -1 = 0.14 molC mol -1 . Biomass burning plumes were selected as observations with acetonitrile > 225 ppt. The two simulated GEOS-Chem fire plumes (Figure 4b ) are shown as hollow circles. The dotted line shows the boreal fire OC/CO emission ratio from Andreae and Merlet [2001] used in the model. The CO simulation is from Turquety et al. [2006] . and for the filtered data set excluding fire plumes (Section 3). Only selected species with more than 100 coincident observations and correlation coefficients (R) significant at the 95% level are shown.
FIGURES

